Two second-generation Quadruplex Hammerhead Ribozymes, whose activity enhance in response to K + via quadruplex formation of embedded r(GGA) 3 GG, were developed. Different strategies were applied to suppress basal activity when K + is absent. As a result, the activity enhancement upon the addition of K + has reached as high as 21-fold.
. 1 Thus, we recognized these guanine-rich RNAs as a structural switch that can be turned 'ON', by using K + as a switching stimulator. Intracellular concentrations of K + are much higher (approximately 100 -150 mM) than in the extracellular environment (3.5 -5.5 mM) . Therefore, in principle, such RNAs rich in guanosine residues should show a rather dramatic change in structure on being delivered from the outside to the inside cells. We hypothesized that if we introduced such guanine-rich RNAs into functional RNAs such as ribozymes and aptamers, we would be able to obtain novel functional RNAs that sense differences in the K + concentrations of cellular environments and thereby regulate their own functions.
We previously described the quadruplex structure of 5'-GGAGGAGGAGGA-3' (R12) in the presence of K + . 2 R12 folds into a compact parallel quadruplex, with G:G:G:G tetrad and G:(A):G:G:(A):G hexad planes. The R12 quadruplex forms a stable dimer through hexad-hexad stacking. However, in the absence of K + , R12 takes on an elongated single-stranded form (Fig. S1a) . We have also shown that R11, which lacks the terminal adenosine residue of R12, has similar, if not the same, structural characteristics in the presence and absence of K + . 3 We previously introduced R11 into a hammerhead ribozyme (HR) and developed an 'intelligent' ribozyme, named here Quadruplex Hammerhead Ribozyme (QHR), whose activity is exerted in response to K + . 3 In a hammerhead ribozyme (HR), two portions of the catalytic core, the 5'-HR domain ) and the 3'-HR domain , are linked via a central stem, thereby being brought into close proximity and exerting activity (Fig. S1b) . 4 We replaced this stem with R11 and uridine-linkers to obtain QHR. In QHR, the 5'-HR and 3'-HR domains are not brought into close proximity in the absence of K + because R11 takes on the single-stranded form, but they are brought into close proximity in the presence of K + due to the formation of the compact R11 quadruplex, by which QHR exerts activity (Fig. S1c) . 3 The first-order rate constants of QHR at 25 °C in the absence of K + and presence of 100 mM K + were measured previously, the values being k obs 0 mM = ca. 0.04 min -1 and k obs 100 mM = ca. 0.1 min -1 , respectively (Fig. S2) . 3 The ratio of the first-order rate constants, k obs 100 mM / k obs 0 mM , can be considered as an index of enhancement of the enzymatic activity of QHR through quadruplex formation in response to K + , and is approximately 2.5-fold for QHR (Fig. S2) . 3 It has been noticed that QHR exhibits weak residual activity even in the absence of K + . The presence of such basal activity of QHR at the concentration of 0 mM K + is unfavorable, because it may cause a destructive attack on target and/or non-target molecules before the switch is turned 'ON'. Suppression of the basal activity is important not only for this reason, but also to realize higher enhancement of the enzymatic activity of QHR in response to K + , namely higher switching efficiency.
We hypothesized the origin of the above mentioned basal activity of QHR even in the absence of K + was partial and/or transient formation of the active core structure. 3 In detail, we suggested that due to joining of the 5'-HR and 3'-HR domains through R11 together with some linker residues, fluctuation of the structure of QHR in solution or binding of QHR to the substrate may bring the 5'-HR and 3'-HR domains into close proximity, even without quadruplex formation. This may cause the basal activity. Along these lines, here we adopt two strategies to inhibit the formation of the partial and/or transient structure of the active core and suppress the basal activity of QHR in the absence of K + : For the first strategy, we split QHR in the middle of the R11 region; and for the second strategy, we introduced partially complementary RNA sequences into QHR. These second-generation QHRs not only suppressed the basal activity in the absence of K + but also resulted in improvement of the activity enhancement in response to K + . In the first strategy, to keep the 5'-HR and 3'-HR domains away from each other in the absence of K + , we split QHR in the middle of the R11 region (Fig. 1a) . We named the resulting subunits 5′-spQHR (5'-GCGGUCUGAUGAUUUGGAGGA-3') and 3′-spQHR (5'-GGAGGUUGAAACAGG-3'), respectively. Since these 5'-and 3'-spQHRs are no longer covalently connected, we thought formation of the catalytic core would be prevented, expecting the basal activity 2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 to be suppressed. In the presence of K + , however, we expected the R11 regions of the 5′-and 3′-spQHRs would come close to each other, and form the same or a similar quadruplex structure through an intermolecular interaction. This is likely since four d(GGAGGA) strands reportedly fold into a compact parallel quadruplex dimer composed of two G:G:G:G tetrad planes and two G:(A):G:G:(A):G hexad ones, 5 which resembles the structure of the quadruplex dimer of R12.
The enzymatic activities of a mixture of the 5′-and 3′-spQHRs in the absence of K + and presence of 100 mM K + were analyzed by gel electrophoresis, the resulting cleavage products being isolated and their band intensities being measured. The time course of the percentage cleaved is plotted for each case in Fig. 1b . The first-order rate constants of the mixture of the 5′-and 3′-spQHRs were k obs 0 mM = 1.24 x 10 -3 min -1 and k obs 100 mM = 3.90 x 10 -3 min -1 (Fig. 1c) , and therefore enhancement of the activity by K + (k obs 100 mM / k obs 0 mM ) was 3.2-fold (Fig. 1d) . These values indicate that the basal activity in the absence of K + was reduced to one thirty-first, and enhancement of the activity by K + was improved 1.4-fold as compared with in the case of the original QHR.
The first-order rate constants of the mixture of the 5'-and 3'-HRs were k obs 0 mM = 1.41 x 10 -3 min -1 and k obs 100 mM = 1.19 x 10 -3 min -1 (Fig. 1c ). Both these values were comparable to k obs 0 mM of the mixture of the 5'-and 3'-spQHRs (Fig. 1c) . It was clearly shown that there was no activity enhancement for the mixture of the 5'-and 3'-HRs upon the addition of K + ( Fig. 1d ), which makes perfect sense because the 5'-and 3'-HRs (green in Fig. 1a ) do not have a quadruplex-forming sequence in the first place.
The mixture of the 5'-and 3'-spQHRs showed a much lower k obs 100 mM value than the original QHR. We suggest that this observation is partially due to the fact that other combinations of the 5'-and 3'-spQHRs are possible, although 5'-spQHR/3'-spQHR is the correct combination. Thus, in principle, if a stoichiometry of one-to-one pairing is assumed, the combinations of 5'-spQHR/5'-spQHR, 5'-spQHR/3'-spQHR, and 3'-spQHR/3'-spQHR are possible, all of which may form the quadruplex structure. In theory, the population ratio should then be 5'-spQHR/5'-spQHR : 5'-spQHR/3'-spQHR : 3'-spQHR/3'-spQHR = 1 : 2 : 1. Since only 5'-spQHR/3'-spQHR should be active, i.e. the others should not be active, k obs 100 mM of the mixture of the 5'-and 3'-spQHRs is expected to be half that of the original QHR. However, this was not the case and k obs 100 mM of the mixture of the 5'-and 3'-spQHRs was much lower. The reason for this may be the formation of an inactive quadruplex structure such as an anti-parallel form.
Here, we constructed 5'-and 3'-spQHRs, a mixture of which exhibited suppressed basal activity in the absence of K + , and also improved enhancement of the activity by K + , both as compared with the original QHR. To our knowledge, this is the first study to utilize intermolecular quadruplex formation to control the activity switching of a ribozyme.
In the second strategy, we designed several RNA sequences that are complementary to different regions of QHR, and named them CSs. We attempted to find a CS that binds to QHR and forms a double-strand in the absence of K + , but in the presence of K + , dissociates from QHR with the formation of the quadruplex structure in the R11 region of QHR. In this way, we intended to keep the 5'-HR and 3'-HR domains of QHR apart completely from each other in the absence of K + and suppress the basal activity ( Fig. 2a) . When in the presence of K + , on the other hand, QHR is expected to retain full activity through the formation of a catalytic conformation upon dissociation of the CS and quadruplex formation for R11. Fig. 2b lists the sequences of the CSs used in this study. CS1 and CS2 are 5-and 11-nucleotides (nt) long, respectively, each targeting a sequence within the R11 region of QHR. CS3, CS4, and CS5 are each 10-, 11-, and 12-nt long, respectively, all targeting sequences in the R11 region and the 5'-HR domain of QHR. Finally, CS6 is 12-nt long, and targets the same sequence as CS5 but has a three base-pair mismatch as to QHR.
The enzymatic activities of QHR with each CS (CS1 -CS6) in the absence of K + and presence of 100 mM K + were analyzed by gel electrophoresis (Fig. 3c) . The first-order rate constants for all combinations of QHR with CSs were obtained by applying these results (Fig. 2e) . The ratios of the first-order rate constants, k obs 100 mM / k obs 0 mM , for all combinations of QHR with CSs were calculated and are shown in Fig. 2f .
CS1 is 5-nt long and is complementary to a sequence within the R11 region of QHR. The basal activity of QHR with CS1, k obs 0 mM , was repressed to one-third. Although this is rather mild repression, the formation of the double-strand within the R11 region was shown to be effective (Table S1 and Fig. 2e) . Additionally, the enhancement of the activity of QHR with CS1 by K + (k obs 100 mM / k obs 0 mM ) was 5.9-fold. This is an improvement as compared with that of free QHR (2.3-fold), having a comparable k obs 100 mM value (just ca. 10 % reduction) to free QHR (Table S1 and Fig. 2f) .
Next, to achieve further repression of the basal activity, we constructed CS2, which is complementary to the whole sequence of the R11 region. The k obs 0 mM value of QHR with CS2, however, did not show further improvement as compared with that with CS1, exhibiting a similar residual activity value (Table S1 and Fig. 2e ). This suggests that covering of only the R11 region and inhibition of its quadruplex formation are not sufficient to eliminate the basal activity, probably due to partial and/or transient formation of the active core structure in the HR domains, even though the quadruplex structure is not formed. On the other hand, the k obs 100 mM / k obs 0 mM value of QHR with CS2 turned out to be 0.92-fold, indicating that there was no enhancement of the activity by K + (Table S1 and Fig.  2f ). It is assumed that the double-strand formed with CS2 is more stable than the quadruplex structure in the R11 region even in the presence of K + , and thereby activity switching by K + is restrained. Therefore, keeping an appropriate length for binding to the R11 region, while searching for an appropriate complementary sequence to other regions, such as the HR domains, may lead to the finding of a suitable CS.
In CS3, CS4, and CS5, the sequence that is complementary to the R11 region is short (4-nt long, which is one nucleotide shorter than CS1) and identical, while the sequences that are complementary to 5'-HR domain are varied (lengthened by one base in CS3, CS4, and CS5 in that order) (Fig. 2b) . As we have expected, these three CSs repressed the basal activity of QHR significantly, the k obs 0 mM values being in the range of one-fortieth to one two-hundredth of the value of free QHR (Table S1 and Fig. 2e ). This indicates that connection of complementary sequences to parts of the 5'-HR domain and that to the R11 region are highly effective for suppressing the basal activity of QHR. A probable explanation for this suppression of the basal activity is that complementary sequences in CS3, CS4, and CS5 as to parts of the 5'-HR domain of QHR have formed a doublestrand and thereby inhibited the partial and/or transient formation of the active core structure in the HR domains of QHR, which would otherwise exhibit basal activity even in the absence of the quadruplex structure.
We then determined the k obs 100 mM / k obs 0 mM values of QHR with CS3, CS4, and CS5, all of which improved in that order (9.3-, 11.8-, and 17.9-fold) , and were much larger than that of free QHR, 2.3-fold (Table S1 and Fig. 2f) . However, the k obs 100 mM values of QHR with CS3, CS4, and CS5 decreased in that order, and more importantly, all had much smaller values than that of free QHR (Table S1 and Fig.  2e) . A probable reason for the latter point is that each of CS3, CS4, and CS5 forms a double-strand with QHR through a rather long stretch (regions through a part of 5'-HR, a uridine-linker, and a part of the R11 region), thereby dissociation of CSs, formation of the quadruplex structure in the R11 region, and activity switching in the presence of K + are strongly restricted. Although the further improvement of suppression of the basal activity, k obs 0 mM , and activity enhancement, k obs 100 mM / k obs 0 mM , for CS3, CS4, and CS5, as compared with CS1, is encouraging, k obs 100 mM needs to be increased. Finally, CS6 targets exactly the same region of QHR as CS5, except that CS6 has a three base-pair mismatch as to QHR (Fig. 2b) . This base-pair mismatch was introduced to make an adjustment to obtain a sequence that retains a similar level of basal activity suppression as CS5 but is capable of dissociating from QHR upon quadruplex structure formation by R11 in the presence of K + . Although the k obs 0 mM of QHR with CS6 was not as low as that of QHR with CS5, QHR with CS6 exhibited effective suppression of the basal activity, the k obs 0 mM value being 4.77 x 10 -3 min -1 , which is one-eighth of the value of free QHR (Table S1 and Fig. 2e) . Importantly, the k obs 100 mM value was 8.57 x 10 -2 min -1 , which is just a minor decrease from the k obs 100 mM value of free QHR (only ca. 5 % reduction), and thereby the k obs 100 mM / k obs 0 mM value turned out to be as high as 21.4-fold (Table S1 and Fig. 2f ). We suggest that the three base-pair mismatch between CS6 and QHR was suitable for CS6 to form a double-strand with QHR in the absence of K + , and also for CS6 to dissociate from QHR upon formation of the quadruplex of R11, thereby the active structure of QHR being induced in the presence of K + . We attempted to design a CS that suppresses the basal activity of QHR in the absence of K + and also leads to QHR high activity enhancement (k obs 100 mM / k obs 0 mM value) through quadruplex formation in response to K + . In total, we examined the effects of six CSs on the activity of QHR (Fig. 2b) . Among them, CS6 exhibited good results in leaving QHR with highly suppressed residual basal activity in the absence of K + , and causing high activity enhancement for QHR in response to K + . Thus, we have successfully developed a second-generation QHR.
Several ribozymes were reportedly conjoined with aptamers, by which the activities were altered in response to small compounds. 6 These ribozymes that are activated by small compounds are used as biosensors and gene regulators. Another activity switching ribozyme, that was reported, was composed of a ribozyme portion and a conjoined inhibitor portion, which is an antisense RNA against the ribozyme portion. This ribozyme-inhibitor system is activated upon a presence of a complementary RNA strand (named activator), by which the inhibitor portion is displaced. This system, which employs cis-acting RNA duplex is somewhat similar to our QHR/CS system in the sense that it uses inhibitor of ribozyme. 7 To our knowledge, only two groups have reported ribozymes connected with quadruplexes instead of an aptamer. Hartig and coworkers replaced the stem of a hammerhead ribozyme with a guanosine-rich RNA fragment, r(GGGGUGGGUGGGUGGG), with which the activity was enhanced by the addition of meso 10, 15, porphine (TMPyP4), a known quadruplex stabilizer. 8 The activity enhancement of their conjoined ribozyme upon addition of TMPyP4 was about 8-fold. Perreault and coworkers incorporated two guanosine-rich RNA fragments into hepatitis D virus ribozyme. 9 It is thought that one of the incorporated fragments forms a series of hydrogen bonds with part of the original hepatitis D virus ribozyme in the absence of K + , resulting in a misfolded ribozyme with no activity. In the presence of K + , however, the two fragments are suggested to fold into a quadruplex and thereby the active catalytic structure is restored. In the latter two cases, the precise structures of the quadruplexes are not fully understood.
In our case, we have precise, at atomic resolution, structural knowledge of the quadruplex that we have used, which provides us a guide to obtain the ability of activity switching to other ribozymes and aptamers. Our strategy enabling induction of the activity of a ribozyme ⁄ aptamer in response to K + is rather straightforward. Firstly, the ribozyme or aptamer is divided into two parts, and each part is linked to one end of R11 through some linker residues. At this stage, we only need to focus on obtaining such a ribozyme or aptamer conjoined with R11 that exerts as high activity as possible in the presence of K + . This can be accomplished by finding an appropriate position to divide the ribozyme or aptamer, and adjusting the length of the linker residues. At the next stage, we use two different strategies, both of which are fruits of the present study, to suppress the basal activity in the absence of K + and to achieve highly efficient enhancement of the activity in response to K + : splitting the R11 region in the middle or introducing partially complementary RNA sequences. In summary, we have shown two methods, which might be applicable to other ribozymes and aptamers, endowing them with activity switching capabilities that can be controlled.
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Supplementary Information
Materials QHR (5'-GCGGUCUGAUGAUUUGGAGGA GGAGGUUGAAACAGG-3'); subunits of split QHR, 5'-spQHR (5'-GCGGUCUGAUGAUUUGGAGGA-3') and 3'-spQHR (5'-GGAGGUUGAAACAGG-3');
various complementary RNAs (CSs); and substrate RNA (5'-CCUGUCACCGC-3'), labelled with FITC, were synthesized, purified, and de-salted by FASMAC Co., Ltd. (Kanagawa, Japan), were purchased.
Cleavage reaction
Firstly, spQHRs (final concentration of 10 μM for both 5'-and 3'-spQHRs) or QHR (10 μM), either alone or mixed with various CSs (30 μM), were dissolved in a solution comprising 50 mM Tris-HCl buffer (pH 8.0) and either 0 or 100 mM KCl. Each obtained solution was heated at 95 °C for 5 min and then gradually cooled to 25 °C. Next, MgCl2 was added to the final concentration of 50 mM. Then, the cleavage reaction was started by adding substrate RNA, which was labeled with fluorescein-5-isothiocyanate (FITC) (1 μM). The temperature of the solution was kept at 25 °C throughout the reaction. A small aliquot was taken from the reaction solution at various time points, and the reaction was stopped by adding EDTA and urea to final concentrations of 83 mM and 7.5 M, respectively. These small aliquots were applied to a denaturing 20% polyacrylamide gel, uncleaved and cleaved substrates being separated during electrophoresis. The amounts of FITC-labeled substrate RNAs were determined by means of fluorescence using a Pharos FX TM Molecular Imager (BIO-RAD).
The cleaved percentage was defined as the amount of cleaved substrate divided by the total amount of the substrate, namely the sum of the amounts of uncleaved and cleaved substrates. The first-order rate constant, kobs, was determined by fitting the time-course experiment data to the equation: P(t) = Pmax -(Pmax -P0) exp (-kobs t),
where P(t) is the cleavage percentage at time t, Pmax the cleavage percentage at infinite time, and P0 the extrapolated cleavage percentage at t = 0. [1, 2] Error bars are standard deviation calculated from 3 trials. 
